Polymer composites containing variable amounts of multiwalled carbon nanotubes (MWNTs) have been prepared using solution dispersion and melt-shear mixing. Various polymer composites with 1 wt % MWNTs have been found to dissolve homogeneously in organic solvents. The amount of polymer coated or wrapped MWNTs dissolved in the solution was quantified using UV-vis absorbance at 500 nm and the concentration ratio of [MWNTs] solution /[MWNTs] composite was close to 1. A nonspecific polymer adsorption through multiple-weak molecular interactions of CH groups with MWNTs in the composites has been identified through FTIR spectroscopy. The composites of polybutadiene with different wt % of MWNTs showed slight changes in the CH bending vibrations, indicating the presence of intermolecular CH-π interactions. The dissolution of various polymer composites containing low concentration of MWNTs in organic solvents was attributed to polymer coating on the MWNTs via noncovalent and nonspecific CH-π interactions. The dissolution of MWNTs in organic solvents using common polymers used in this study indicates that the coating or wrapping is a general phenomenon occurring between polymers and carbon nanotubes.
Introduction
Carbon nanotubes (CNTs) are the most promising candidate for use as nanofibers in designing novel ultrahigh strength polymer composites. [1] [2] [3] It is believed that the exotic mechanical and electrical properties of the CNTs will enhance the overall performance of polymer-carbon nanotube composites as well as open up new applications for such composites. 4 A good interfacial adhesion between the CNTs and the polymer is essential for an efficient load transfer in composite applications. A stumbling block in developing polymer-carbon nanotube composites is the difficulty in dispersing the CNTs and controlling their orientation. The advantages of carbon nanotube fillers have not been fully realized so far due to the difficulty in obtaining welldispersed nanocomposites.
Funtionalization of CNTs is the strategy used to enhance dispersion in organic media. There are different methods used for the functionalization of CNTs through covalent and noncovalent reactions with organic molecules including polymers. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] An easy and viable method to produce stable carbon nanotube dispersion is noncovalent polymer wrapping using specialty polymers. Smalley and co-workers 19 reported a dissolution of single-walled carbon nanotubes (SWNTs) by polymer wrapping using poly(vinyl pyrrolidone) and poly-(styrene sulfonate). Stoddart and co-workers 8 reported polymerwrapped SWNTs using poly(metaphenylene vinylene). However, the dissolution of CNTs using polymer wrapping has been shown to occur only with a few specific polymers. Shvartzman-Cohen et al. recently showed dispersion of SWNTs using micelles of diblock copolymers. 20,21 It is known that the CNTs are electron-rich molecules and any electron-deficient molecules can interact with them and form donor-acceptor complexes, much the same way as the electron-rich molecules form π-π complexes. The π-π interactions of CNTs with electron-rich molecules have been used for the noncovalent functionalization. 18, [22] [23] [24] [25] [26] Recently, Eklund, Murray, and co-workers and others have shown that the noncovalent interactions of CNTs with small molecules other than π-π interactions lead to adsorption. 22, [27] [28] [29] Adsorption could also occur from molecular interactions between carbon-hydrogen groups (CH groups) and π systems and the existence of CH-π interactions has been known for several years. [30] [31] [32] [33] [34] Klopman 35,36 has classified the CH-π interaction as a soft acid/soft base interaction using orbital energy data of acids and bases. Although the strength of CH-π interactions is only one-tenth of the hydrogen bond, their cooperative multiple interactions significantly influence many chemical and biochemical phenomena. 33 For example, staining of cotton by dyes containing aromatic groups is a result of many such weak interactions (OH-π and CH-π). Similarly, a fine dispersion of carbon black/fiber within a matrix rubber is also due to the presence of many CH-π interactions. Thus, we reasoned that a long molecule containing many CH linkages would sufficiently interact with carbon nanotubes and form molecular complex under appropriate conditions. To verify this hypothesis, we used different types of polymers as CH donor molecules for examining the effect of CH-π interaction with the multiwalled carbon nanotubes (MWNTs) (Scheme 1). In this paper, we describe the presence of a weak noncovalent and nonspecific CH-π interaction between organic molecules (both small and macro) and the MWNTs. We examine further the effect of such a noncovalent interaction in dissolution of MWNTsnanocomposites prepared with a range of polymers.
Experimental Section
Solvents such as chloroform (CHCl 3 ), tetrahydrofuran (THF), dichloromethane, benzene, toluene, and 1-octadecanethiol (Aldrich) were HPLC-grade solvents and used as received. Poly(ethylene oxide) dimethyl ether (PEO-Me, M n ) 2000 g/mol, M w /M n )1.11), and poly(methyl methacrylate) (PMMA, M n ) 120 000 g/mol, M w / M n ) 2) were obtained from Aldrich. The polymers such as polybutadiene (PBD, M n ) 120 000 g/mol, M w /M n ) 1.04), polystyrene (PS-H, M n ) 13 500 g/mol, M w /M n ) 1.06), and polyisoprenes (PI, M n ) 1500 g/mol, 34 000 g/mol, 135 000 g/mol, and 460 000 g/mol, with 1.05 < M w /M n > 1.07) were synthesized using standard living anionic polymerization under high vacuum. 37 Poly(dimethylsiloxane) (PDMS, M n ) 45 000-60 000 g/mol) was purchased from Gelest, Inc. (USA) and used as received.
The MWNTs were provided by NanoLab (Watertown, MA) and were used as received. The MWNTs were obtained through the chemical vapor deposition method and were purified with an HF wash to remove residual catalyst. The resulting product has approximately 1 mol % carboxylic acid groups with respect to the carbon atoms of the MWNTs as determined by titration, X-ray photoelectron spectroscopy (XPS), and prompt-gamma methods. It was found that the MWNTs yielded a small quantity of iron or iron oxide particles as residue (∼4-5 wt %) in the TGA analysis.
Nanocomposite Preparation. All of the polymer composites containing various percentages of MWNTs were prepared using solution dispersion and subsequent melt-mixing procedure. A typical procedure for the preparation of a PMMA composite is given below: A solution of 5 g of PMMA 120K in 50 mL of chloroform was added into a beaker containing 53 mg of MWNTs in 50 mL of chloroform kept under sonication for 15 min. The mixture was sonicated for an additional 15 min and precipitated in excess n-hexane. The dried, premixed composites were melt-mixed in a mini-laboratory extruder (Atlas Polymer Evaluation Products, USA) for about 15 min at 180°C for PMMA and PS and at 90°C for polybutadiene, polyisoprene, poly(dimethylsiloxane), and poly-(ethylene oxide). The extruder shaft (∼1 cm diameter) was rotated at 60 rpm. The composite was extruded and cut into small pieces. In some case, the composite was grounded using a mortar and pestle to break it into small pieces. The actual amount of MWNTs present in the composite was determined using thermogravimetric analysis (TGA). The dissolution of the composite was accomplished by 
Scheme 1. Illustration of the Shear-Induced Polymer Wrapping over MWNTs under Melt Stirring in a Composite
Containing Small Amounts of MWNTs a adding appropriate solvent into a known amount of composite and sonicating for 1-2 min. Characterization. Thermogravimetric analysis was performed using a TA Instruments TGA 2050 analyzer in air from 30 to 900°C (10°C/min). UV-vis spectra were recorded using Thermo Spectronic's Biomate 5 instrument using dilute solutions of MWNTs and the composite dispersions. FT-IR spectra were recorded using a Bio-Red Win-IR Pro instrument with a resolution of 2 cm -1 . KBr was used to prepare sample pellets. A tabletop ultrasonic cleaner (FS-20H, Fisher Scientific) operating at 40 kHz with 80 W ultrasonic power was used. Polymers were characterized using gel permeation chromatography (GPC) equipped with an isocratic pump (Knauer K-501), UV detector (Knauer UV-K2501), RI detector (Knauer RI-K2301), and 1 × 100 Å (60 cm), linear (60 cm) Polymer Standard Service (PSS) SDV gel columns. PSS WinGPC software was used to acquire and analyze the chromatogram. The GPC was calibrated with a set of PS and PMMA standards (PSS, Germany).
Raman spectra were acquired using the samples in the solid state in the backscattering mode on the "microstage" of a Dilor XY Raman spectrometer (Instruments S.A., Inc., Edison, NJ). The microstage uses confocal optics; both the excitation and the emission radiation pass through the lens nearest the sample. Under the focal and alignment conditions used, this resulted in an excitation beam diameter of ∼1 mm at the sample. The monochromator employed a 600 grooves/mm grating with 200 µm slits, giving a band-pass of 0.5 nm. The 514.5 nm line of a Coherent Innova 200 argon ion laser was used for excitation. The laser output power of 100 mW was attenuated by ∼86% when measured at the sample position. Spectra were recorded over the range of 800-2000 cm -1 for 10-12 acquisitions (with 20 s/acquisition) and averaged. The spectra were smoothed with a 7 point adjacent averaging smooth function. Transmission electron microscopy (TEM) analysis was performed using a Hitachi H-800 TEM operating with an accelerating voltage of 100 kV. Samples were prepared by dropping a ∼5 µL solution on a freshly glow discharged carbon film supported by a 400 mesh Cu grid. Scanning electron microscopy (SEM) analysis was performed using a LEO 1525 FE-SEM operating with an accelerating voltage of 3 kV. Samples were prepared by dropping a ∼5 µL solution on a freshly glow discharged piece of a silicon wafer.
Results and Discussion
Dissolution of Polymer-MWNTs Composites. Various polymer-MWNTs composites with different weight percent of MWNTs were prepared by a two-stage blending procedure. A solution of polymer was mixed with MWNTs that was kept in dispersion using sonication. After the mixture was sonicated for about 15 min, it was immediately precipitated and dried. The precipitated composite was then subjected to shear mixing at temperatures above the T g of the respective polymer for 15 min. The polymers used in the preparation of composites with MWNTs are (1) polybutadiene (PBD), (2) different molecular weight polyisoprenes (PI), (3) polystyrene (PS), (4) poly(methyl methacrylate) (PMMA), and (5) poly(ethylene oxide) (PEO). The effect of CH/π interaction in the composites was examined through dissolution in organic solvents. The composites were soluble in organic solvents such as THF, CHCl 3 , toluene, and DMF in which the corresponding polymer is soluble. Figures 1 A and B show the vials containing various polymer composites with 1 wt % MWNTs in dichloromethane sonicated for 1-2 min. Although the solutions contain some particulates that settled at the bottom of the vial over a period of 3 days, they were homogeneous for about 24 h. The homogeneous polymer solution contains MWNTs up to 20 mg/L (see the following section).
Some specific polymers with ionic groups or an electronrich backbone have been shown previously to wrap around SWNTs. 8, 19 The wrapping has been attributed to intermolecular noncovalent adsorption of polymers with SWNTs. However, the dissolution of MWNTs in organic solvents using common polymers used in this study indicates that the coating or wrapping is a general phenomenon occurring between polymers and carbon nanotubes. It appears that the coating or wrapping is not unique only to polymeric molecules; even a small molecule such as 1-octadecanethiol (C 18 H 38 S) coats MWNTs when shear-mixed at 100°C. Figure  1C The polymers used here have no ionic or conjugated π-electrons to form π-π intermolecular interactions with MWNTs. The coating or wrapping of the MWNTs occurs irrespective of the nature of the polymers used in this study, which indicates its nonspecificity. The carboxylic acid groups (1 mol %) in the MWNTs do not react with polymers used in this study. Moreover, the conditions used for melt-shear mixing at a moderate speed in a min-extruder would not induce any mechano-chemical reaction between the MWNTs and the polymers. We attribute the coating or wrapping phenomenon to noncovalent and nonspecific molecular interactions between the CH groups of polymers and the MWNTs leading to polymer adsorption. Whether these polymer composite solutions contain suspended exfoliated individual tubes or bundles of MWNTs wrapped with polymer in the organic medium are not clear. Nonetheless, a homogeneous solution of these composites shows a strong UV-vis absorbance monotonically decreasing from 300 to 900 nm (Figure 2) . The effect of noncovalent interactions is very apparent on the dissolution properties of the MWNTs, particularly, in the case of polymeric molecules than low molecular weight molecules. The adsorption is reversible and washing procedure could remove a large amount of adsorbents. However, a few percent of polymeric adsorbents could not be removed by the washing procedure, indicating the presence of a partial irreversible coating. Figure S1 ). As the PBD has no UV-vis absorbance at and above 300 nm, the absorbance of the composite solution above 300 nm is considered entirely due to the presence of dissolved MWNTs. The absorbance at 500 nm was plotted against the concentrations (in mg/mL) ( Figure 3) . The linear-leastsquares fit of the data passes through the origin with a slope of 42.2 ( 0.3, which can be treated as an apparent absorption coefficient for the batch of MWNTs used in this study. 38 Dissolution of small diameter SWNTs in organic solvents was reported earlier. 38 Dissolution of the MWNTs at low concentration ([MWNTs] ) 4.3 mg/L) in CHCl 3 was attempted in order to verify the determined apparent absorption coefficient. It was found that it is possible to suspend the pristine MWNTs homogeneously in CHCl 3 for a short time (∼15 min) using sonication (30 min). The absorbance at 500 nm of the neat MWNTs solution at different concentrations in CHCl 3 gave a slope of 44.2 (0.9, which is close to the one determined in the presence of excess PBD (Figure 3) . Thus, the slope value obtained in the presence of excess PBD can be used as an apparent absorption coefficient of the MWNTs to determine the actual concentration of MWNTs present in various composite solutions.
The concentration of MWNTs in the composite solutions was determined using an absorption intensity at 500 nm. The results are shown in Table 2 entries 4 and 7) . The actual concentration of MWNTs present in the solution is plotted in Figure 4A against the calculated amount of MWNTs on the basis of the solid composite for various solutions. The concentrations of MWNTs in the solutions are close to the theoretical line, indicating an efficient dissolution of MWNTs by polymer coating. The effect of CH groups on the adsorption can be clearly seen from the PDMS-MWNTs composite dissolution, which deviates significantly, indicating only a low amount of MWNTs could be dissolved by PDMS ( Figure 4A ). This is attributed to the fact that the PDMS has a low concentration of CH linkages as compared to other polymers. Although the composite made out of low molecular weight molecule such as C 18 H 38 S with MWNTs shows a significant deviation from theoretical line, the fact that adsorption of small molecules causes the dissolution of MWNTs in appreciable amounts is remarkable.
To demonstrate the effect of polymer's molecular weight on the dissolution properties of MWNTs, three polyisoprene-MWNTs composites using polyisoprene with different molecular weights (1500 g/mol, 34 000 g/mol, and 460 000 g/mol) were prepared. The concentration of MWNTs in these composites was 70 wt % in order to see the effect of the molecular weight of the polymer. Then, a constant amount of these composites was dissolved in 10 mL of CHCl 3 and the extractable amount of dissolved MWNTs was measured using UV. As the tube's concentration in these composites is very high, the polymer (30%) could only take as much as it can coat the tubes and bring into the dissolution. The dissolution vials were kept standing for about 9 h and insoluble MWNTs aggregates were found to settle at the bottom of the vial. Only the supernatant layer was taken using a pipet and analyzed for UV-vis absorbance after filtering with a thin layer of glass wool. In this way, qualitatively the amount of MWNTs present in the solution can be correlated to the molecular weight of polyisoprenes. The results indicate that the UV absorbance of these solutions at constant composite concentrations increase with increasing molecular weight of the polyisoprene in the composites ( Figure 4B ). The percentage of MWNTs present in the solution was calculated on the basis of the solid composite weight and the absorbance at 500 nm using the apparent absorption coefficient of MWNTs. A plot of % of MWNTs vs log M n of polyisoprene also supports the effect of chain length on CH-π interaction (Figure 4B, inset) .
IR and Raman Frequency Changes in the Composite.
In an attempt to confirm the presence of CH-π interaction, the composite mixtures were subjected to FT-IR analysis. The presence of interactions of CH groups in the composite would shift the frequency of the CH stretching vibration of the polymer. The composites contain usually very low amounts of MWNTs (∼1 wt %). It is expected that the detection of CH frequencies that are interacting with MWNTs would be difficult in the presence of a huge noninteracting CH absorbance of the bulk polymer. Nevertheless, the PBD composites prepared with different concentrations of MWNTs show minute IR signal splitting and shifting in certain regions of the spectrum ( Figure 5A ). The spectrum was recorded with 2 cm -1 sensitivity and hence the average frequency shift >2 cm -1 of any functional groups are considered important.
In general, the presence of MWNTs has broadened and shifted the CH s (stretching) and the CH b (bending) signals in the composites. The small differences in the IR frequencies observed in the composites are shown in Table 2 . The CH b vibration of the PBD in composites containing MWNTs shifted significantly (-20 < ∆ν CH b > +19) and CH s vibration had only a slight shift (∆νCH s , +2) as compared to a neat PBD. The CH b frequency of a neat PBD at 1441 cm -1 has a broad peak with a small hump (1459 cm -1 ), which splits into two doublets with main peak frequency shifts +2 and -6 cm -1 , respectively, in the presence of 13 wt % MWNTs. Upon increasing the amount of MWNTs to 63 wt %, the same CH b frequency splits wider and shifts to +4 and -10 cm -1 , indicating enhanced CH interactions with increasing amounts of MWNTs ( Figure 5A ). The signal corresponding to the interacting CH groups appears to be very low in intensity and separate signals could not be identified from the overwhelming presence of noninteracting CH groups in the system. Similarly, the changes in the absorbance of νCH s and νCH b were also noticed in the case of PMMA-MWNTs composite ( Table 2 ). The FT-IR spectrum of a neat 1-octadecanethiol (C 18 H 38 S) shows two doublets absorbance for νCH b at 1474/1462 cm -1 and 731/ 719 cm -1 . In the presence of MWNTs, these signals merge into a single peak with a small hump (Supporting Information, Figure S2 ).
The Raman spectra of polybutadiene composites prepared with different percentages of MWNTs show shifts in tangential vibration mode peaks, G-band and D-band, to higher wavenumber with increasing concentration of PBD ( Figure 5B and Supporting Information, Figure S4 ). Both the G and D bands of MWNTs in the composites are very broad and shifted ∼10 and ∼15 cm -1 , respectively, compared to the neat MWNTs. The higher concentration of PBD in the composite increases the probability of enhanced coverage of MWNTs surface with polymer, which affects the vibration movements of C-C bands on the graphene plane due to CH-π interactions. The extent of vibration frequency shifting in these composites should depend on the proportions of different types of CH interactions between polymer molecules and the MWNTs. In a composite mixture, the molecular interactions associated with different vibration modes are heterogeneous in nature and hence overall average frequency changes are attributed to the total effect of CH-π interactions. The effect of CH-π interaction is seen more significantly in the bending vibrations than in the stretching vibrations of the composite mixture. The effect of weak interactions is seen primarily on low-energy CH b vibrations rather than at high-energy CH s vibrations. The changes in the vibration frequencies in some cases are minimal. Nevertheless, the dissolution of MWNTs in organic solvents by simply meltmixing with nonfunctional polymeric or small molecules suggests that their presence is obvious. The presence of polymer coating is clearly evident from the TEM and SEM images of the composite solutions ( Figure 6) . A typical SEM image of the composite in solid state and in solution shows Figure S3 ).
It is important to mix polymer with MWNTs under a good shearing condition above the glass-transition temperature (T g ) in the absence of solvent. A simple solution mixed composite shows separation of MWNTs as soon as placed in an organic solvent. The magnitude of CH-π interactions is related to both the orbital distance and the orientation of adsorbent and carbon nanotubes. 32 Hence, the reaction condition such as melt blending or shear mixing would greatly enhance the formation of CH-π interactions. In such a condition, an initial contact of a chain with the MWNTs' surface forms CH-π interaction and successive CH groups gradually attach with the surface, leading to complete or partial chain adsorption. In solution such an event may take place to a lesser extent due to a high chain relaxation. 39 However, the probability for a maximum number of CH groups contact is high under shear in the absence of solvent, leading to adsorption. The loss of entropy in the adsorption process would restrict sequential adsorption of monomeric units along the chain, leaving a part of the chain segment entangled with the bulk polymer. Smalley and co-workers 19 have proposed a phenomenon of reversible uniform helical wrapping in the case of poly(vinyl pyrrolidone) and SWNTs mixtures in solution. It appears that the process of polymer wrapping through CH-π interactions is not continuous and a portion of polymer likely dangles away from the surface entangled with unwrapped free polymer. The surface area of the MWNTs is quite large and a portion of the surface, which is not having intimate polymer coverage, can interact with other tubes in solution at higher concentration and slowly aggregate. In dilute solution, the probability of such an exposed surface interaction with one another is reduced and hence the equilibrium aggregation is also reduced, resulting in high stability for composite solution. The stability of the homogeneous composite solution is measured in terms of how long the MWNTs stay in a dispersed state. Figure 7A shows dissolution vials of three different PBD 120K -MWNTs composites with MWNTs concentrations of 2.2 mg/L, 3.9 mg/L, and 8.4 mg/L, respectively (Table 1, runs 3-5). The picture was taken after 10 days of the vials standing at room temperature, which showed a good stability of these solutions. However, on aging these solutions, PBD-coated MWNTs gradually aggregated over the period of 24 months and settled as a gel-like polymer-MWNT network ( Figure  7B ). It is worth mentioning here that previous reports 5,10,11,40 concerning the functionalization of SWNTs and MWNTs using esterification and amidation reactions have employed extended stirring at high temperature in the absence of solvent. The results obtained herein show that under these conditions a considerable shear force induces a fine nonuniform coating of organic molecules on the surfaces of MWNTs through noncovalent molecular interactions that produces a substantial amount of soluble carbon nanotubes. The dissolution of MWNTs using PDMS or a low molecular weight substance such as C 18 H 38 S was not efficient compared to the other polymers. This indicates that the efficiency of adsorption and its influence on the dissolution of MWNTs depends on the molecular weight or the number of CH groups available for the molecular interaction. Hence, a large number of CH groups are required to coat sufficiently and influence the dissolution properties of carbon nanotubes. The interaction of polymeric molecules with carbon nanotubes is strong through multiple CH-π interactions and that they cannot be removed completely using a simple solvent wash. Hence, the functionalization efficiencies reported for many grafting reactions should be reconsidered as in many previous reports the efficiency was calculated on the basis of weight differences of the soluble and the residual (insoluble) carbon nanotubes after the reaction. For example, Haddon and co-workers pointed out a discrepancy associated with the functionalization efficiency of SWNTs using octadeylamine, indicating a far higher amount of functionalization than the total concentration of the tubes' end-acid groups. 41 It is certain that the noncovalent interactions discussed above play an important role in the functionalization reactions with carbon nanotubes. In the case of polymer adsorption, it is difficult to remove the adsorbed polymer entirely by simple solvent washing. This confirms that a certain extent of irreversible polymer coating occurs under melt-stirring conditions.
Conclusions
The MWNT-polymer nanocomposites obtained from solution dispersion and melt shear-mixing dissolve homogeneously in organic solvents at low concentration. The stability of the nanocomposite dissolutions at a low concentration of MWNTs is high ([polymer]/[MWNTs] g 100). The dissolution of MWNTs using a shear mixing with various polymers was attributed to polymer (or small molecule) adsorption via noncovalent and nonspecific CH-π intermolecular interaction. The quantity of MWNTs present in the composite solutions was determined using UV-vis absorbance at 500 nm. The ratio of [MWNTs] solution / [MWNTs] composite was close to 1 for various polymer composites, indicating the nonspecific nature of CH-π interaction. The mechanism of intermolecular interaction and the physicochemical state of adsorbed molecules are not known well. However, the FTIR and Raman spectra of the composites show evidence for the presence of CH group interactions with MWNTs. Although the intermolecular CH-π interaction is weak, its effect in the dissolution of MWNTs in organic solvent is very apparent. The dissolution of MWNTs in organic solvents using common polymers used in this study indicates that the coating or wrapping is a general phenomenon occurring between polymers and carbon nanotubes.
